eoretical calculation and numerical simulation were performed to analyze the mechanism of rock fracturing between holes in deep-hole presplit blasting, crack evolution under the synergistic action of dynamic and static loads, and the mechanism of fracture movement guided by tangential stress concentration of empty holes. e pattern and characteristic zones of main and wing cracks across a cross section were identified. Combined with blast dynamics, the scope of stress-induced cracks around blast holes and the maximum length of secondary cracks induced by detonation gas was calculated. It was found that the initiation and extension of cracks were oriented predominantly along the line passing through the hole centers (LPTHC). Moreover, the maximum length of the tensile crack zone induced by reflected stress waves was obtained. e effects of emptyhole diameter and charge coefficient on crack propagation were analyzed, and the proper blast-hole spacing was determined. Later, a LS-DYNA 3D blast model was used to illustrate von Mises stress propagation, strain variation, and evolution of main and wing cracks between holes. e scope of strain failure, fracture pattern, and crack characteristic zones in the rock mass was determined. e results demonstrate that the hole spacing, at 3.2 m, is reasonable. Furthermore, blasting parameters were determined for 8939 working face at Xinzhouyao Mine and then deep-hole blasting was implemented to presplit the hard roof. After presplitting, the working resistance of supports was significantly reduced, thereby achieving effective control on the hard roof.
Introduction
Drill blasting is the most common way to break rock masses in mines, as it is adaptable to various geological conditions and cost effective and involves a relatively simple procedure. When used for breaking hard rock, conventional blasting techniques can hardly deliver desired results due to their limitations and increased operational difficulty. Radial compression and tangential tension that arise from stress waves are the major driving forces for the cracking of a blasted rock mass [1] . During large-scale blasting of rocks in deep underground, however, there is limited space to allow for free movement of rock. To solve this problem, we propose using large diameter empty holes to provide sufficient space for rock movement [2, 3] . e empty holes were found to be able to enhance the effectiveness of presplit blasting by improving the distribution of tensile stress in the surrounding rock and guiding the initiation and growth of cracks [4] .
e presence of empty holes in the rock mass can alter stress distribution and cause stress concentration [5] , thereby guiding crack propagation. Empty holes have been successfully applied to rock presplitting for unloading, blasting excavation of rock drift, and gas extraction from gas-rich coalbeds [6] [7] [8] . ere have been extensive studies on investigating the mechanism of the dynamic behavior for blasting crack propagation as well as the tension crack and guiding role of empty holes, which are mainly based on experimental and theoretical analysis. Arkawa and Mada [9] studied the effects of specimen dimensions on the pattern and propagation rate of main cracks under different loading conditions through experiments on polymeric methyl methacrylate (PMMA) plate specimens. Based on the characteristics of crack evolution between holes, Mohanty [3] examined the feasibility of designing an empty hole at the midpoint between the centers of adjacent holes to guide crack propagation. Using dynamic analysis software LS-DYNA, Wang and Konietzdy [10] simulated the stress and crack evolution in an infinite rock mass with a single free face during blasting.
e results can provide a basis for research on techniques that use free surface to guide fracture formation. Yang et al. [11, 12] simulated the superposition of stress waves around the empty holes and the tension caused by reflected waves with LS-DYNA. By the dynamic photoelastic method and the digital laser dynamic caustics experimental system, Malezhik et al. [13] analyzed the crack evolution between holes and dynamic stress intensity factors surrounding the crack tip and revealed the effects of hole spacing and shape of empty hole on the propagation rate and direction of cracks. Based on an analysis on the influence of empty holes on main crack path, Yue et al. [14] and Yang and Wang [15] discovered how the main crack propagation rate and strain field around empty holes responded to changes in empty-hole diameter. To study the influence of hole shape on crack initiation and propagation, Cho et al. [16] and Nakamura et al. [17] conducted a comparative analysis on the main crack propagation rates and dynamic stress intensity factor evolution for specimens with ordinary empty holes and with notched holes of different shapes.
Most of these studies focused on the propagation rate of main cracks and the effects of empty-hole shape and hole spacing on blasting results. e research on fracture development was mostly based on comparison between element stress and rock strength at failure, rather than modeling of fracture evolution in a real sense. Moreover, because existing studies of cracks near empty holes were mostly concentrated on fracture pattern, there is a lack of research into the dynamics of complex fracture pattern and quantitative effect of hole diameter on fracture-moving. In the present study, theoretical analysis and numerical simulation were performed to analyze the stress concentration around an empty hole and tension caused by reflected stress waves and to calculate the lengths of initial and secondary cracks around a blast hole. e relationship between emptyhole diameter and length of cracks guided by empty holes was quantified. e blasting parameters and hole spacing were optimized. Moreover, the study illustrated the dynamic evolution of the strain and the complex fracture network in a blasted rock mass under the synergistic action of dynamic and static loads.
e findings are expected to provide guidance on deep-hole presplit blasting for breaking rocks.
Mechanism of Fracturing by Blasting
After deep-hole blasting of a rock mass, the resulting stress near a blast hole exceeds the rock's dynamic compressive strength. is, combined with the high strain rate, will create a crushed zone. is process can consume the majority of the energy released by blasting. Meanwhile, the stress waves decay into compression waves along the boundary of the crushed zone and the reverse stress relief produces a tangential force, which then induces radial cracks. As wing cracks develop, the main and wing cracks will form an initial concentric fracture network (fractured zone, Stage I) [18, 19] .
After initial cracks' formation, the products of detonation fill space in the fracture network and exert quasi-static loads on fracture tips, leading to secondary fracture extension (fractured zone, Stage II). At the same time, the stress waves reflected from the free surface of empty hole induce tensile stress and thus stimulate the formation and transfixion of complex fractures including the tensile main cracks and annular wing cracks. e complex fractures then interconnect with the cracks induced by detonation gas to form the presplitting cracks and a fracture network between blasting holes. Figure 1 shows the schematic of the characteristic crack zones.
Mechanism of Fracturing Induced by Stress Waves.
Combined with the charge structure of deep-hole presplitting blast for rock mass, the cylindrical explosive charge is employed for calculating the overpressure induced by blasting stress waves impacting on the holes' wall. e peak intensity, P m , is given by the below equation [20] :
where ρ is the rock density; D p is the longitudinal wave velocity of rock; ρ 0 is the explosive density; D 0 the is velocity of explosive; n 0 is the stress intensification factor; k r � r c /r b , r c , r b are the radii of the blast hole and explosive, respectively; c is the thermal insulation factor of the explosive, 3; and l c is the axial decoupling charge coefficient. Combined with (1), P m mainly depends on the physical and mechanical parameters of coal and rock and the structure of explosive charge. Combined with the stress intensity coefficient C of rock blasting, the radius of crushing zone R c is obtained [21] :
where b is the side pressure coefficient; μ d is the dynamical Poisson ratio; σ c is the static uniaxial compressive strength; ξ is the loading strain rate; α is the shock wave attenuation coefficient, 2 + b; and β is the stress wave attenuation coefficient, 2 − b. Considering the three-dimensional stress of blasted rock in the crushed zone, the radius of the crushing zone depends on the charge structure and the dynamic mechanical parameters of the rock mass. e rock mass is in a critical state along the boundary of the crushed zone, which represents the interface between compression failure and tensile failure, with σ m � (
σ c /C). e radius of the initial crack zone, R p , can be described by the equation below [20] :
where σ td is the dynamic tensile strength of rock and σ h is the rock stress. R p (fractured zone, Stage I) mainly depends on σ m and σ h , and meanwhile, σ m mainly depends on the charge structure of explosives. erefore, the research emphasizes on R c + R p in the presplitting blasting, which is the charge structure coe cient.
Mechanism of Crack Propagation Driven by Detonation
Gas. e cracks induced by detonation gas initiate at initial cracks. e di usion of detonation gas is quasi-static and uniform. After the gas reaches a crack tip, it will cause tensile failure and stimulate further growth of the crack, resulting in secondary cracks [22] .
As the secondary propagation of initial cracks driven by detonation gas continues, pressure drop occurs. When the pressure declines to a critical value needed for brittle failure of the rock, the secondary crack propagation stops [23, 24] .
e relationship between the fracturing length induced by the detonation gas and the crack propagating critical stress σ cl could be obtained as follows [25] :
where l k is the cracking length induced by detonation gas and K IC is the fracturing tenacity of rock at critical development of Type I. K IC represents the ability of the rock mass preventing crack propagation and is the critical value of the stress intensity factor, which is a constant under quasi-static loading. When the initial crack size is determined, the larger the fracture toughness of the rock mass is, the greater the critical stress needed for the crack propagation is. erefore, the critical propagation stress of detonation gas fracturing is mainly determined by R c + R p . For R c being much smaller than R p , it is employed as a part of total crack length on calculating σ cl . K IC can be experimentally measured. It is given by
where P min is the rst minimum that occurs after the peak tensile strength measured by the Brazilian test, D l is the specimen diameter, t h is the specimen thickness, and α k is the dimensionless intensity attenuation coe cient. During the loading process of the attened Brazilian disc, the loading variation with the length of the dimensionless crack corresponds to the variation of α k , and moreover, the maximum value of α k is exactly corresponding to the load dropping from the maximum to the rst minimum in the load-displacement curve. At that moment, the critical length of the cracks would be at the maximum, α k 0.8 [26] .
Since the detonation gas is con ned within the fracture network, its transient pressure during isentropic expansion, p x , can be written as follows:
where n is the number of main cracks, m is the interconnected enlarging coe cient of main and wing cracks, and u is the maximum aperture of the single fracture in the crushing zone border line. e angle between the two fracture-extended surfaces at the fracture tip is set at zero here and given that it is very small. en, the maximum fracture opening u can be obtained based on the quasi-static propagation of a single main crack as follows ( Figure 2 ) [1, 25] :
where θ is the tip angle of cracks and G is the shear modulus. u mainly depends on the radius of primary crack and the length of secondary cracks induced by detonation gas. e relationship between the maximum length of secondary cracks induced by detonation gas, denoted l k(max) , and detonation pressure p x was derived based on (4) through (8) . It can be written in the following form: 
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As (8) shows, the crack propagating length is negatively correlated with the critical pressure of detonating gas during the cracking process induced by detonating gas, and therefore, only the higher pressure in the early detonation gas can produce more number of main cracks in the rock mass. For the speci c number of main cracks, l k increases with the rise of the detonation gas pressure, and consequently, l k(max) can be obtained by determining the maximum pressure at the extending initial stage of the detonation gas.
erefore, the crack zone near a blast hole is the product of the initial fracture induced by the stress wave combined with the (R c + R p ) secondary fracture driven by detonation gas.
Mechanism of Fracturing Guided by Empty Holes.
After an empty hole is drilled in a rock mass, the stress near the hole is redistributed and the stress waves re ected from the free surface lead to stress concentration, which then drives crack initiation and propagation. Stress evolution of the rock mass along the line passing through the hole centers (LPTHC) is shown in Figure 3 [27] .
In the gure above, σ ρρ and σ φφ are the radial and tangential stresses, respectively, in the rock surrounding an empty hole; σ ρ and σ φ represent the blast-induced radial and tangential stresses, respectively; φ is the angle between the line segments connecting the rock element and the line through centers of two adjacent holes; and k 0 is the in situ stress concentration factor.
Combining with stress concentration near circular hole in elastic mechanics, the stress distribution around the empty holes in an in nite plane is obtained as follows [28] :
where r represents the straight-line distance between a point in the surrounding rock and the empty-hole center and r k is the radius of empty hole, k r k /r. According to the characteristics of σ ρρ and σ φφ distribution around the guiding hole, it could be found that the values of σ ρρ and σ φφ are inversely proportional to its distance from the empty hole; that is, the stress concentration e ect of the empty hole is reduced with r increasing. It shows that the stress concentration e ect only occurs in the local. Let m σ h /σ ρ . en, the relationships between stress concentration factor (SCF, SCF σ φφ /σ ρ ) and φ for di erent k values can be obtained using (9) (Figure 4 ). e gure above demonstrates that SCF is symmetrically distributed about the LPTHC and decreases gradually from this line outward.
e peak values and maximum stress gradients are located along the axis of symmetry, indicating that the LPTHC represent the dominant crack orientation. Cracking along this line can lead to the maximum length of tensile crack, l t(max) . Moreover, the SCF along this line decreases with increasing k at a slower rate, implying that the cracks occur within a certain radius of each empty hole.
Let the sum of the tensile strength measured under unidirectional tension at a low strain rate and σ h represent the critical stress needed for cracking guided by empty holes.
en, k and l t(max) can be related by the following equation:
where σ tm is the radial tensile stress produced by re ected stress waves; δ is the coe cient of superposition of stress waves, 0.1; and D is the factor of initial damage to the rock caused by the compression waves. Equation (10) shows the propagation and attenuation characteristics of blasting stress wave re ected from the free surface of the guide hole with the fracture length expending. Combined with the stress concentration e ect on LPTHC, the maximum length of tensile crack induced by the re ected tensile stress on the LPTHC can be obtained.
Simulation and Analysis of Blasting Fracture Parameters
Numerical simulation of the blasting process plays a signicant role in the analysis of blasting mechanics. LS-DYNA3D as one of the most e ective methods is employed to analyze the nonlinear dynamic questions, including stress propagation and crack evolution characteristics, for exploring the deep-hole presplit cracking mechanism with empty hole.
Numerical Model and Constitutive Equation.
According to the eld construction and some related contemporary research results, the numerical model and eld experiment adopted the Class-2 coal mine permissible emulsion explosive [19, 29] . e JWL state equation is used for describing the relationship between the relative volume V and pressure of the high-energy explosive detonation gas P (11) in the LS-DYNA 3D model. e explosive parameters and JWL equation parameters are listed in Table 1 [30] :
where A, B, R 1 , R 2 , andω are the material property parameters determined by blasting measurements. E 0 is the initial internal energy of detonation gas. is study used MAT-PLASTIC KINEMATIC HARD-ENING as the element material for rock modeling. e rock mass strain was high near the explosive detonation center, and it was proper to use a plastic hardening material model, which included the strain rate e ect. erefore, the 
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MAT-PLASTIC KINEMATIC was an anisotropy kinematic hardening and isotropic kinematic hardening mixed model, relevant with the strain rate and also considered the material failure effect. During simulation of fracture development, MAT_ADD_ EROSION was used as the criterion to identify whether an element was dead or alive. As rock mass is subjected to compressive and tensile stresses in three directions during blasting, it was modeled with the Cowper-Symonds high strain rate model [31] :
where σ 0 is the initial yield stress; c and p are the Cowper-Symonds strain rates, respectively; ξ eff p is the effective plastic strain; and E p is the hardening modulus. e hardening parameters β can be varied (β � 0 means only kinematic hardening, 0 < β < 1 means mixed hardening, and β � 1 means only isotropic hardening) to adjust the isotropic hardening degree and the kinematic hardening degree. Combined with Xinzhouyao Coal Mine, the rock mechanical parameters are shown in Table 2 .
e failure of rock mass is mainly determined by element stress and strain. e stress indices mainly consider the four criteria of stress and strain [31] , which is shown in Table 3 .
Based on the field conditions and theoretical calculation, the LS-DYNA 3D model was established, with an effective blasting hole spacing of 3.2 m. e geometry size of the model was length × width × height � 6.4 m × 15.0 m × 4.0 m, the cartridge diameter was 40 mm, and the borehole axial depth penetrated the whole model with 15.0 m long charge.
erefore, combined with k r and explosive density ρ 0 , explosive charge in per hole could be determined. e guide hole was placed in the center of the whole model, and meanwhile, the guide hole and the blasting hole with the spacing of 1.6 m were alternately built along the model length direction. e model geometry and borehole layout are shown in Figure 5 .
Modeling and grid meshing were all based on Cartesian, and the grid near the blasting hole is shown in Figure 6 . In the center of the model, the cylinder of diameter 50 mm (explosive) and 0.1 m * 0.1 m rectangle (rock) were used for refining the grid. e grid of the explosive and the rock were homogenized by "Mapped". e average size of the explosive element was 3.2 mm. e minimum and maximum sizes of the rock elements were 3.3 mm and 8.3 mm, with the spacing ratio of adjacent elements being 1.17. Combining with the comparison between grid size and fracture opening of rock mass in site, grid meshing of rock was fine enough to accurately simulate the engineering problem on blasting presplitting.
In order to avoid the problem of calculation interruption and simulation accuracy induced by the serious distortion of Lagrange element meshing during the blasting process, the partition of rock mass and explosive in the modeling is all meshed with Euler, and the multimaterial ALE algorithm is used, that is, allowing a grid to include rock mass and explosive detonation products, for analyzing element deformation and explosive detonation products diffusion. In the process of simulation, the gravity effect of rock mass is ignored. To eliminate the influence of stress reflection and stress concentration on border, nonreflection boundary constraints were applied.
Calculation of Blasting
Parameters. Given the synergistic effects of different driving forces, combining with the fracture features zone shown in Figure 1 , the hole spacing L could be decomposed into four components, R c , R p , l t(max) , and l k(max) :
Equations (1), (3), and (10) suggest that R p and l k(max) depend largely on k r , while l t(max) is determined mainly by k r and r k . It follows that k r and r k should be the key considerations in research on blasting parameters.
Radius of Crack Zone near a Blast
Hole. Based on the charge diameter (Φ40 mm), the effects of k r (1, 1.11, 1.25, 1.5, and 1.875) on the number of main cracks and maximum radius of initial crack zone were analyzed by changing the blast-hole diameter. Figure 7 illustrates how the two characteristic crack parameters respond to the change in k r .
As shown in Figure 7 , the length and number (n) of main cracks are negatively correlated with k r and each has an inflection point at k r of 1.25. When k r ≤ 1.25, the number and length of main cracks slightly decrease as k r increases. When k r > 1.25, the stress waves generated by detonation sharply attenuate in energy with increasing k r and the number and length of main cracks trend approximately linearly decreases. Based on these and field observations, k r was finally set at 1.25 (r c � 50 mm). Figure 8 shows the boundaries of the stress-induced crack zone for different b values when k r � 1.25.
It is clear that at different b values, the radius of the crack zone around a blast hole differs slightly on the direction of LPTHC, ranging from 1.22 m to 1.36 m. In the direction of σ h , the crack length is negatively correlated with b. When b � 0, the maximum length of radial cracks is 1.75 m. As b increases, the crack length decreases significantly and reaches the minimum of 0.7 m when b � 2.0. is suggest that for a given σ h , increasing b can suppress crack growth in the direction of σ h but has little influence on crack propagation along LPTHC.
In the blasting fractured zone, the rock mass is in a low strain rate; the value of which varies with the loading strain [33] . R c and R p were calculated from the parameters given in Table 4 [21] using (1) 
Secondary Crack Propagation Driven by Detonation
Gas.
e number of main cracks in the mathematical model is 4∼10 [34] , and the rock mass buried underground is broken into five segments with five main cracks after blasting.
e number of main cracks is 6∼9 under the simulation of different k r in Figure 7 . erefore, the number range of the main cracks with quasi-static load exerted by detonating gas is set to be 4∼10. After taking into account the connectivity factor between main and wing cracks, m, the theoretical maximum number of main cracks was calculated at n � 10. en, the relationship between p x and l k(max) was obtained for different n values as shown in Figure 9 .
As can be seen from the chart above, p x is positively correlated with l k(max) , and a larger number of main cracks indicate that a higher critical gas pressure is needed for crack propagation. e steady pressure of detonation gas present in initial cracks was calculated at 79 MPa using (6) and (8) . When n � 8 and 10, l k(max) is 0.62 m and 0.26 m, respectively. erefore, the maximum length of secondary cracks was l k(max) � 0.26 m (n � 10).
Length of Cracks Guided by Empty Holes.
Based on the numerical calculation model of blasting hole spacing 3.2 m, the evolution characteristics of the rock element tangential peak stress in different positions along the LPTHC are compared and analyzed between the conventional rock and the rock with empty hole. e distances from observation points A, B, C, and D to the empty-holes center nearby are 0.05 m, 0.15 m, 0.25 m, and 0.35 m, respectively, and the stress concentration effect of the empty hole with numerical simulation is obtained shown in Figure 10 .
e tangential stress peaks at the observation points A, B, and C in the case with empty holes increase 96.2%, 55.6%, and 14.3%, respectively, compared to those in the case without empty holes. However, at point D does not differ between the two cases. is suggests that the presence of empty holes causes tangential stress concentration along the LPTHC. us, this line becomes the dominant orientation of empty hole-guided cracks, and a weak plane between holes is likely to develop along it. Figure 11 shows the theoretical and simulated relationships between l t(max) and r k (0.025 m, 0.03 m, 0.041 m, 0.05 m, 0.06 m, 0.07 m 0.08 m, 0.12 m, and 0.2 m), which were obtained by (10) and curve fitting, respectively. e simulated l t(max) has an inflection point at r k � 0.05 m, and the calculated l t(max) has an inflection point at r k � 0.1 m. When r k ≤ 0.05 m, the simulated l t(max) increases rapidly with increasing r k , and the rate of increase is 53.9%, as indicated by the first portion (r k � 0.03 m∼0.05 m, Stage I) of the corresponding curve. When r k > 0.05 m, the cumulative increase in the simulated l t(max) is small at 0.04 m with l t(max) (r � 0.05 m) � l t(max) (r � 0.06 m), as demonstrated by the second portion of the simulated curve (Stage II). e first portion of the calculated curve (r k ≤ 0.1 m) is approximately horizontal. When r k > 0.1 m, the calculated value of l t (max) tends to increase linearly with increasing r k . e second portion of the calculated curve slopes more steeply than the corresponding part of the simulated curve. l t(max) is positively correlated with r k overall. However, increasing r k will also substantially increase the amount of drilling. So, the optimal value for r k should be 0.05 m, and the corresponding
erefore, the optimal distance from an empty hole to an adjacent blast hole was set at 1.6 m and the optimal blast-hole spacing was 3.2 m.
Numerical Results and Analysis.
Numerical simulation using a deep-hole blast model with L � 3.2 m (shown in Figure 12 ) was performed to monitor the dynamics of equivalent stress and strain and expound crack evolution along the LPTHC. Figure 13 shows the fringe pattern of equivalent stress at a cross section after blasting. Figure 14 illustrates the dynamics of equivalent stress in rock elements. Figure 13(a) shows the crushed zone and fractured zone created by stress waves around a blast hole. Meanwhile, the stress wave propagation is concentric circles distribution with a blasting hole as a center, and the equivalent stress peak near the blasting hole reaches 45.0 MPa. Figure 13 (b) demonstrates that t � 199.2 μs the stress wave of two adjacent blasting holes is superimposed around the empty hole, and the tangential stress concentration effect is further strengthened. en, the rock is fractured along the LPTHC in the near of empty holes. With the transmission of the blasting stress, the length of the stress concentration area in the near of empty holes is increased to the maximum 0.38 m when t � 552.5 μs, but the tensile length induced by the reflected tensile stress reaches 0.21 m, which is connected with the secondary fracture driven by detonation gas. It showed that the crack induced by the tensile stress is synchronous with the secondary fracture driven by detonation gas; that is, the blasting stress wave propagates ahead of the crack propagation. In Figures 13(b)-13(d) , the tangential peak stress is all in the vicinity of fractured zone around empty hole, which is employed LPTHC as a center symmetry axis. e results show the stress concentration effect of the empty hole, especially obvious on the LPTHC. Figure 14 reveals that the stresses in different elements follow the same trend overall, but the peak values differ and occur at different times. Stress propagation consists of two major stages: propagation of stress wave generated by blasting (Stage I) and reflected tensile wave (Stage II). us the stress in each element has two extreme values. At Stage I, the peak stress at each observation point firstly decreases sharply and then decreases slightly, and a stress wave reaches point D at 0.2 ms. Stress-induced fracturing and stress wave propagation take place simultaneously. Later, the crack growth driven by detonation gas stops at a point located between points C and D, which is consistent with the peak stress trend predicted by (3), (8) , and (10). After stress spreads into Stage II at 0.39 ms, the tensile wave reflected 8 Shock and Vibration from free surfaces around point A needed for fracture strength results in rock cracking. As stress propagation continues, stress wave passes points B and C for the second time. e resulting stress peak at point C (13.0 MPa) is a bit lower than that at point B, and both meet the fracture criterion given by (10) . us cracks initiate at the two locations. As stress wave propagates to point D for the second time, the stress there peaks at a signi cantly higher level (increasing amplitude 5.0 MPa). is is because this stress peak is a complex tensile stress arising from a combination of the re ected tensile wave and the quasi-static stress produced by detonation gas. It can drive wing cracks to further propagate and connect with main cracks into an intensive fracture network.
Dynamics of Equivalent Stress at a Cross Section.

Characteristics of Strain around the Empty Hole and
Blast-Induced Crack Evolution. e e ect of holes' spacing (2.7 m, 3.2 m, and 3.7 m) on the strain in elements along the LPTHC was analyzed using the deep-hole blast model with empty holes. e characteristics of main and wing cracks' evolution in the section under analysis con rm the reasonableness of the hole spacing determined. Figure 15 depicts the variation in the strain of the element at the empty hole's free surface for di erent hole spacing. Shock and Vibratione compressive strain and tensile strain in the rock elements follow the same downward trend. e compressive strain caused by blasting is instantaneously converted to tensile strain at the free surface. As the hole spacing increases, the strain peak in the peripheral element decreases linearly. When the hole spacing is greater than 3.7 m, the dynamic tensile strain peak is slightly higher than the experimental critical value, which will impede failure of elements distant from the empty holes. Figure 16 shows the variation of strains' peak along the LPTHC under di erent holes' spacing.
As re ected tensile wave propagates, the elements along the LPTHC undergo tensile strain. e tensile strain peak has a negative correlation with r and varies nearly linearly with it. When L 3.7 m, 3.2 m, and 2.7 m, the critical values of r needed for failure are 0.27 m, 0.25 m, and 0.15 m, respectively. e corresponding rates of decrease are 7.4% and 66.7%, suggesting that an increase in L is associated with more signi cant decrease in tensile strain peak with r.
is, together with the strain variation with hole spacing change, demonstrates that the hole spacing of 3.2 m can allow re ected stress waves to e ectively cause tensile failure and promote fracturing guided by the empty holes. Moreover, this hole spacing does not require a large amount of drilling.
e characteristic zones of main and wing cracks across a section were identi ed through crack evolution simulation with L 3.2 m, as shown in Figure 17 .
e yellow zone boundary is the crack tip connection of the detonation products expansion. Figure 18 reveals the temporal evolution on the range of main cracks along the LPTHC and the boundaries between di erent crack zones. Figure 17 shows that, in the initial stage of blasting, a crushed zone was formed with a radius of 0.13 m, shown in Figure 17 (a). When t 196.2 μs, the crack zone around a blast hole had a radius of 0.44 m, and the detonation gas spread over 0.28 m in the rock. At 341.5 μs, the crack zone's radius was 0.79 m and the distance traveled by the detonation gas was 0.61 m, which implies that the fracturing driven by detonation gas far lagged behind stress waves. At 490.1 μs, the di usion distance of detonation gas was 0.88 m from the blasting hole, and meanwhile, the stress wave fracturing reaches the maximum, R c + R p 1.15 m. After this, the detonation gas induces secondary propagation of initial cracks, and both are synchronized. At 681.3 μs, the tensile cracks induced by stress waves re ected from the empty hole's surface interconnected with the secondary cracks induced by detonation gas. At this point, the maximum radius of the crack zone around an empty hole was 0.21 m. Meanwhile, the accumulated fracturing length driven by detonating gas was l k(max) 0.24 m. erefore, the accumulated lengths of the crushed zone and initial crack zone were 1.15 m, the secondary crack zone was 0.24 m long, and the crack zone around the empty hole was 0.21 m long ( Figure 18 ). ese are roughly consistent with the results of tting, thus con rming the reasonableness of the holes' spacing determined, at 3.2 m.
e zones indicated by the ovals shown in Figure 17 (d) contain high densities of wing cracks induced by lagged stress waves. is is because the quasi-static stress eld in the rock mass created by the detonation gas, together with the ow of detonation gas into the wing cracks connecting to main cracks, promoted further expansion of main cracks and development of circumferential wing cracks. Figure 17 (e) reveals that the main cracks and wing cracks interconnected into an "F"-shaped fracture network after the blasted rock mass reached a stable state. It follows that the hole spacing, 3.2 m, determined allows the main and wing cracks between holes to interconnect e ciently and thereby ensures e ective presplitting.
Application to a Project
Project Background.
e 8939 working face at Xinzhouyao Mine in Datong Coal Mine Area has an average burial depth of 311.4 m and a length of 104.5 m. e coal seam, with the dip angle of 3°on average, is characterized by uniform coal properties, stable distribution, and simple structure. ZZ9900/29.5/50 hydraulic supports are used at the face. Figure 19 shows local stratigraphic characteristics.
e hard main roof of the face is composed of 15.7 m thick medium sandstone. With no joints and high structural stability, the main roof does not fall readily as the face advances. Long suspended roof behind the face can increase the possibility of strong strata behavior, posing a serious threat to mine safety. For this reason, deep-hole blasting aided by empty holes was performed to presplit the main roof. It was expected to create vertical and interlayer weak planes, reduce the sizes of caved rock blocks, mitigate the intensity of strata behavior, and thereby enhance mine safety.
Presplit Blasting Scheme.
Based on the k r analysis presented above, the diameters of blast holes and empty holes were designed to be 50 mm and 100 mm. Each empty-hole group was 1.6 m from adjacent blast-hole groups. e holes drilled at the same height were within the same plane, and the lower roadside holes were 1.2 m from the oor. e blast holes for detonation should be at least 30 m ahead of the face. e last holes group was located 30 m from the terminal line. After drilling, explosive charges were loaded into the blast holes, with the detonator placed to each hole bottom.
e detonating cord was bundled to the rst charge, and the blast holes were connected in series. Figure 20 shows the pro le of each blast-hole group, and structural parameters of charge are shown in Table 5 . e deep-hole blasting presplitting was implemented ahead of the coal wall 32.0 m. e fracture images of the holes' wall are presented in Figure 21 before blasting, in which the local holes' wall was fractured discontinuously with a maximum aperture of 3.0 mm (yellow circles shown in Figures 21 and 22 ).
Analysis on the
After blasting, the secondary crack developed violently and the surrounding rock was seriously damaged. Blasted fracture developed along the whole borehole axial length, with the maximum opening reaching 15 mm, as shown in Figure 22 (red line). In the borehole screenshots, when the depth was 18.0 m, the borehole fracture was densely developed and broken in the whole section. At the depth of 22.0 m, the hole wall was seriously fragmented and the diameter decreased to about 1/2 of that before blasting. It shows the guiding and presplitting effect of the empty hole; that is, the deep-hole presplitting blasting could produce significant cracks around empty holes.
Strata Behavior of Working Face before and after
Presplitting. Figure 23 illustrates the variation in the working resistance of the face supports before and after presplitting. A comparison of the working resistance before and after presplitting suggests that the maximum working resistance of the middle support decreased 15% from 36.2 MPa to 30.8 MPa.
e corresponding time weighted average resistance decreased 16% from 31 MPa to 26 MPa. Besides, the unsupported roof near the location of presplitting did not fall in the forms of roof leakage and rock mass with cutting and breaking, demonstrating that the blasting produced good results and enhanced safety at the face.
Conclusions
(1) In presplit blasting, rock fracturing is the product of the synergistic action of stress waves and detonation gas. e study found that the presence of empty holes between blast holes can improve tangential stress distribution and guide crack propagation. e characteristic zones of crack initiation, propagation, and interconnection were identified. (2) e radius of the crack zone around a blast hole and the length of secondary cracks induced by detonation gas were derived. e maximum length of cracks guided by empty holes along the LPTHC was analyzed with respect to rock stress.
(3) e lengths of the secondary crack zone for different numbers of main cracks near a blast hole were determined. e effects of k r and r k on the range of blast-induced cracks were analyzed. Based on the results, the optimal spacing between blast hole and empty hole was set at 1.6 m. (4) e mechanism of crack propagation between holes was revealed through analysis on evolution of equivalent stress distribution, strain variation, and partition evolution of main cracks and wing cracks. e interconnectivity of main cracks and wing cracks demonstrates that the rock between holes was successfully prefractured. (5) A plan for implementing deep-hole blasting to presplit thick and hard rock mass was designed and applied in 8939 working face of Xinzhouyao Mine, and field measurement suggests that the split blasting technique led kerf and weaken plane to the rock mass with a significant decrease of working resistance of support and strata behaviors.
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